HITHERTO Staphylococcus aureus has not been grown in media of completely known chemical composition. With a medium in which most of the nutrients were known (amino-acids and glucose) it has been necessary to add a supplement, quantitatively very small but qualitatively essential, before growth can occur. The necessity for the supplement was first shown by Hughes [1932] and later by Knight [1935] , who used autolysed yeast extract (marmite) as a rich source of the growth factor and acid-hydrolysed gelatin plus glucose as the deficient basal medium. Subsequently it was found possible [Fildes et al. 1936 ] to substitute a collection of amino-acids plus glucose for the gelatin hydrolysate basal medium. The present paper shows that the active concentrate from yeast obtained by Knight, which must be given to S. aureus for growth to take place, can be replaced by nicotinic acid and vitamin B1 together, neither alone being effective.
Technique of the biological testing
For much of the work on the staphylococcus growth factor the basal deficient medium used was the gelatin hydrolysate medium already described [Knight, 1935] . The growth factor under investigation was, by definition, that supplement which would permit S. aureus to grow aerobically on this basal medium. It was always borne in mind that the growth factor might be in fact a complex, as indeed proved to be the case, and further, that the gelatin itself might be contributing an essential nutrient component besides its content of amino-acids. In the sequel it is shown that this was so. Subsequently, when the amino-acid basal medium had been developed [Fildes et al. 1936] samples of growth factor were tested on both the gelatin and the amino-acid basal media, and it was found that certain fractions were active on the gelatin but inactive on the amino-acid basal medium. The standard preparation of growth factor, the high-vacuum distillate (see later), was active on both basal media. Technical details of the preparation and inoculation of the media are given in the above papers, the aim being to achieve maximum purity of materials, and to use as small an inoculum as possible to minimize " carry-over " of active material from the parent cultures.
Estimation of biological activity of preparations. The routine method adopted for determining the distribution of active material between various fractions in the chemical separation was to compare their activities at a dilution equivalent to 1 % solutions of the amount of marmite from which the fractions were originally derived, by titration in serial dilutions in the basal deficient medium.
Halley Stewart Research Fellow. The distillate contained about 5x6 % of Kjeldahl N and traces of S. Partition between butyl alcohol and buffer solutions indicated that a weak basic group, pK 2-3*5, was associated with the biological activity.
The active material was not appreciably precipitated by any of the usual base precipitants at the concentrations of material that could be used; the corresponding filtrates contained the bulk of active material. The only exceptions to the statement were given by phosphotungstic acid, silver and platinic chloride, none of which, however, gave clean-cut results.
Phosphotungstic acid gave equivocal results, sometimes a filtrate and sometimes a precipitate fraction appearing more active or there was an approximately equal distribution of activity between them. On one occasion the activity was apparently destroyed.
With a silver precipitation at pH 7-0 there was an approximately equal distribution of activity, but on reprecipitating the precipitate, the bulk of activity then remained in the filtrate. Silver precipitation at pH 10 then precipitated almost all the activity.
Attempts to obtain active chloroplatinates from the distillate were not very fruitful, the bulk of activity always remaining unprecipitated and the precipitates formed being very difficult to recrystallize. However, a very small amount of a very active chloroplatinate was obtained in the course of a combined fractional precipitation and recrystallization.
All the activities mentioned above refer to testing on the gelatin basal medium. With this active chloroplatinate fraction it was noticed that, while the activity titrated out to high dilution on the gelatin medium, there was not a progressive increase in the mass of growth in the more concentrated solutions. This behaviour would be expected if there were a limiting amount of another essential substance present in the basal medium, which limited the mass of growth in presence of excess of the other factor, present in the chloroplatinate.
When the chloroplatinate fraction was tested on the amino-acid basal medium it was inactive, while another fraction from the chloroplatinate fractionation, of less activity on gelatin, was still active on the amino-acid medium. This was therefore proof that the distillate was a complex of at least two essential components, one of which was present only in limited amounts in the gelatin, both being required for growth in the amino-acid medium.
Chemical examination of the active distillate to determine in what forms the nitrogen was combined yielded little definite positive evidence, although a number of possibilities were excluded.
The most suggestive results were: Fluorescein chloride plus ZnCl2 fusion [Feigl, 1935, p. 390] , which gave an orange-yellow solution with green fluorescence; yellow fluorescence in ultraviolet light. This suggested an aliphatic primary or secondary amine, or acid amide. But treatment with nitrous acid had not resulted in any appreciable loss of activity.
Tertiary cyclic bases [Feigl, 1935, p. 404] . Treatment with methyl sulphate followed by 1:2-naphthaquinone-4-sulphonic acid in alkaline solution. This gave a dark reddish solution (alkaline) turning to red-orange on acidification with acetic acid. The indication was possibly positive but not decisive.
2:4-Dinitro-1-chlorobenzene test for pyridine [Zincke, 1904; 1905] . Boiling an alcoholic solution of pyridine with 2:4-dinitro-1-chlorobenzene yields a violet-coloured dinitrophenylpyridinium chloride solution on adding alkali; on making acid this gives a bright red precipitate. With the active distillate a transient pink colour changing to yellow was obtained. Nicotine gave a purple colour changing to yellow on warming. Quinoline gave no pink, only a faint yellow. Proline gave a bright yellow which did not change on making alkaline. Nicotinic acid gave a transient pink colour similar to that given by the distillate.
The conclusion was that some pyridine derivative might be present.
Pauly reaction (p-diazobenzenesulphonate): orange-yellow colour. Koessler & Hanke [1919] modification: golden orange colour. Kinnersley & Peters [1934] modification: orange-yellow colour.
The high-vacuum distillate showed a bright blue fluorescence in ultraviolet light and a strong absorption band in the region of 263m,t.
Direct chemical evidence for any particular nitrogen compound was therefore poor, but taken in conjunction with the negative results of direct tests for other forms of nitrogen (e.g. primary and secondary aromatic amino-groups, etc.) it was thought possible that cyclic nitrogen compounds, e.g. derivatives of pyridine, might be present. There was of course only the general chemical evidence from the mode of preparation and behaviour with various base pre-cipitants that could suggest that the forms of nitrogen detected in the distillate were related to the biologically active material.
At this stage therefore the chemical evidence had narrowed down the possibilities as to the type of compound that might be involved in the biological activity, and attention was given to the indications of biological considerations.
Biological indications as to the nature of the growth factor On the basis of the general theory of bacterial nutrition which has already been reviewed by Knight [1936] , it would be expected that those substances which a host organism required as essentials for its nutrition might also be found to be essential for a parasitic organism. Thus it has already been found that many pathogenic bacteria (C. diphtheriae, Cl. sporogenes, Bact. typhosum, S. aureus) have exacting amino-acid requirements often quite analogous to the amino-acid requirements of animals.
More recently certain other substances which play an important role in animal metabolism have been found to be essential nutrient components for certain bacteria and other lower organisms.
Thus Lwoff & Lwoff [1936] have recently found that the Warburg coenzyme or cozymase (Euler) can function as the V-factor required as an essential nutrient component by Haemophilus parainfluenzae. Similarly Schopfer [1935] showed that vitamin B1 was essential for the growth of the mould Phycomyces blakesleeanus in synthetic medium. More recently Tatum et al. [1936] have shown that the same vitamin is an important stimulant, possibly essential, for the growth of certain strains of propionic acid bacteria.
The chemical evidence from the mode of preparation and from the examination of the active distillate, taken in conjunction with the general theory of bacterial nutrition which has coloured the background of our work, suggested the testing of cozymase and vitamin B1 as staphylococcus growth factor. It was realized that neither compound, as such, could exist in the distillate, but it was thought that degradation products might be present, which the organism could use for synthesis.
The activity of nicotinic acid and related compounds A sample of cozymase,' prepared according to the method of Euler et al. [1936] by Mr G. D. Greville, proved to be highly active when tested as substitute for the distillate growth factor, using the gelatin basal medium. 02y per 10 ml. of medium gave a just visible growth, proportionately heavier with larger doses.
Nicotinic acid was then tested, since this seemed the most likely degradation product of cozymase which could be present in the distillate and whose presence therein was already suggested by the 2:4-dinitro-1-chlorobenzene test.
Using the gelatin hydrolysate basal medium it was found that growth could be obtained using nicotinic acid as substitute for the distillate growth factor.
The first sample of nicotinic acid had been prepared by nitric acid oxidation of natural nicotine. Although active at the same order of concentration as the standard staphylococcus growth-factor preparation, it was necessary to be sure that the biological activity of this sample of nicotinic acid was not due to associated impurity. Accordingly other specimens of nicotinic acid were examined. These included samples from a fractional recrystallization of technical nicotinic acid (also prepared by nitric acid oxidation of nicotine). The purest specimen tested (3 times recrystallized) was, if anything, more active than the most and least soluble fractions.
The best evidence, however, that the biological activity was due to nicotinic acid itself was provided by the behaviour of a sample of pyridine-3-nitrile. This had been prepared from pyridine, via the sulphonic acid, by Dr H. King. This pyridine-3-nitrile was inactive at a dose of 20 y per 10 ml. of medium. After acid hydrolysis, tests of the hydrolysis products showed the activity expected from the amount of nicotinic acid that should have been formed (see Table I ).
A sample of the methyl nicotinate was prepared by making the acid chloride [by means of thionyl chloride; Spath & Spitzer, 1926] and treating this with methyl alcohol. The ester was extracted into ether after making alkaline with sodium carbonate and the ether solution dried and evaporated. The ester was then distilled at atmospheric pressure, the fraction boiling at 2050 (uncorr.) being collected. When tested this methyl ester gave no growth in 24 hr.; the free acid always gave growth in this time. Growth subsequently occurred with the methyl ester, and at 72 hr. it showed the activity expected from the equivalent nicotinic acid content. The delayed growth was evidently due to the time taken for the biologically inactive ester to become hydrolysed to the free active acid.
Nicotinamide was prepared according to Engler [1894] ; recrystallized from boiling benzene it had M.P. 125°.
When tested the nicotinamide proved somewhat more active than nicotinic acid; in the same period of growth (48 hr.) a smaller quantity of amide than of the acid itself gave a just visible growth (see Table I ). Tr. =just visible opacity.
O=no visible opacity.
-=not observed.
From the above results with various samples of nicotinic acid and derivatives thereof, there seems no doubt that nicotinic acid itself and its amide can replace the staphylococcus growth factor obtained from yeast, when the basal medium is the acid-hydrolysed gelatin. Nicotinic acid has not yet been isolated from the high-vacuum distillate but the probability that it is this substance which is the biologically active component essential for growth on the gelatin basal medium is supported by: (a) the general chemistry (e.g. the pK 2-3-5 suggested by the partition between solvents) and method of separation of the high-vacuum distillate; (b) the 2:4-dinitro-1-chlorobenzene test of the distillate, giving a colour like that given by authentic nicotinic acid;
(c) the ultraviolet absorption spectrum which is compatible with about 1 % nicotinic acid in the distillate.
There was, however, the evidence from the activity of certain chloroplatinate fractions, as already described, that the growth factor was in fact a complex of at least two active components. Further, as indicated in Table I , increasing doses of nicotinic acid did not produce proportional increases in mass of growth on the gelatin basal medium.
When nicotinic acid was substituted for growth factor, using the amino-acid basal medium, no growth occurred and the nicotinic acid appeared to be quite inactive.
It was therefore clear that the nicotinic acid was replacing only one component of the staphylococcus growth factor, and that the other component (or components) occurred in gelatin, but only in a limited concentration. This explained why the mass of growth on gelatin basal medium did not increase beyond a certain amount, even with a manifold increase in the concentration of nicotinic acid added, whereas it did increase with increasing doses of the growth factor given as high-vacuum distillate.
For purposes of growing S. aureus in a medium of known composition, nicotinic acid, or its amide, can therefore be substituted for only one component of the growth factor.
The second component of the staphylococcus growth factor; vitamin B1
At earlier stages of the work, before the complex nature of the growth factor was known, vitamin B1 had been tested alone as growth factor, using both the gelatin and the amino-acid basal media, but without effect when pure specimens of the synthetic vitamin were used.
The blue fluorescence in ultraviolet light, the general method of preparing the active concentrate and its chemical properties had early suggested the possibility that a degradation product of vitamin B1 might account for the activity of the distillate. The general stability of the staphylococcus growth factor and its survival of the high-vacuum distillation had precluded the possibility of the activity being due to the vitamin itself. A sample of the distillate tested in Prof. R. A. Peters's laboratory by the Phycomyces and catatorulin tests had shown very slight activity, corresponding to less than 1 % of vitamin B1 activity (private communication).
When it had been found that the growth factor was a complex and that one component of it could be replaced by nicotinic acid, it was decided to retest vitamin B1 in presence of nicotinic acid, using the amino-acid basal medium in which nicotinic acid alone gave no growth.
With addition of nicotinic acid and vitamin B1 together, growth of S. aureus occurred on the amino-acid basal medium, while no growth occurred on the basal medium alone or with the addition of nicotinic acid or vitamin B1 separately; 0*02y of vitamin B1 plus 2-Oy of nicotinic acid per 10 ml. of medium gave an abundant growth.
The chemical nature of the product, probably related to vitamin B1, which is the second component in the high-vacuum distillate, will be discussed in a subsequent paper. SUMMARY
The so-called "staphylococcus factor" is a complex of at least two components, both essential for aerobic growth in a medium containing otherwise only known compounds. These two components can be replaced by nicotinic acid plus vitamin B1.
There. is very strong evidence that nicotinic acid is present in the most active preparations of staphylococcus growth factor, namely the high-vacuum distillate from yeast.
A typical strain of S. aureus has been grown in a medium containing only known chemical components.
I wish to express my sincere thanks to Dr H. King for specimens of nicotinic acid and pyridine-3-nitrile and for his advice; to Prof. R. A. Peters for specimens of vitamin B1 and generous co-operation in testing some of my specimens of growth factor; to Mr E. R. Holiday for the absorption spectrum observation and to Mr G. D. Greville for the specimen of cozymase. The Marmite Food Extract Co., Ltd. has generously supplied quantities of concentrated autolysed yeast extract.
Note added 13 April 1937. Titrations of nicotinamide and synthetic vitamin B1 have shown that nicotinamide has a detectable effect (i.e. growth just visible to the naked eye) at 2-5 x 10-8 M, and vitamin B1 at 4 x 10-10 M, each titration being in the presence of excess of the other compound.
